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ABSTRACT: We report molecular aggregate formation of TTBC (1,1′,3,3′-tetraethyl-
5,5′,6,6′-tetrachlorobenzimidazolocarbocyanine) in submicrometer-sized PVA (poly-
(vinyl alcohol)) fibers by electrospinning. The formation of the molecular aggregate is
examined by solution and instrumental parameters of electrospinning. The precursor
solution of PVA/TTBC, in the range of 0.016−0.065 wt % is subjected to
electrospinning under an electrical field ranging from 0.95 to 1.81 kV cm−1. Both
randomly deposited and uniaxially aligned fibers are achieved by using two parallel-
positioned metal strips as counter electrode. Photoluminescence and polarized Fourier
transform infrared spectroscopies are employed to determine spectral properties of the
fibers. H-aggregates are formed within the electrospun fibers, regardless of their
alignment, and H- and J-type aggregates coexist in the alternative spin-coated and the
cast films. A strongly polarized photoluminescence emission is observed in the direction
of uniaxially aligned fibers as a result of the orientation of the H-aggregates along the fiber axis. We demonstrate that
electrospinning is a process capable of forming and orienting TTBC aggregates during the structural development of the
polymer/dye nanofibers. These fibrous films may potentially find applications in optics and electronics.
■ INTRODUCTION
Molecular aggregates of dyes have attracted remarkable interest
because they exhibit collective optical/excitonic properties with
various functions. The strong coupling of transition dipoles of
the constituent dye molecules which have internal molecular
arrangement within the aggregate leads to delocalized excitonic
states over a few to several molecules and, accordingly, the
enhancement of the optical properties.1 The aggregation
patterns of the dye molecules exhibit red shift (J-type) and
blue shift (H-type) in absorption bands.2,3 TTBC is a two-
dimensional planar molecule that can form secondary
interactions, yielding intriguing supramolecular structure. This
cyanine dye undergoes both H- and J- type aggregation by short-
range noncovalent interactions, such as dipole−dipole inter-
actions, π−π stacking, and hydrogen bonding. Aggregation is
driven mainly by the presence of a strong transition dipole
moment formed by conjugated π- electrons of the polymethine
backbone of cyanine dyes.4 The construction of sophisticated
molecular dye assemblies and highly ordered dye aggregates
plays a significant role in designing smart materials because their
optical properties show alteration depending on the structural
organization of the dyes.5
The understanding of internal organization and controlling the
mesoscopic morphology of cyanine aggregates has provided a
powerful way of developing techniques for fabrication of
functional structures designed for specific purposes. To date, a
number of approaches have been demonstrated to form and align
the aggregates, such as magnetic field,6−9 vertical spin coat-
ing,10−12 Langmuir−Blodgett films,13,14 adsorption on a single
crystal surface,15,16 anisotropic evaporation of solution,17,18
rubbing,19 and electrospinning.20 Among these techniques,
electrospinning has been proven to be a simple and efficient
process to produce coassembly of highly ordered molecular
aggregates induced by strong electrical field within submicrom-
eter-scale fibers. The potential difference applied during the
process requires continuous stretch of the polymer chain at the
molecular level. The spatial alignment of electrospun fibers can
be controlled by using a collector consisting of two parallel-
positioned metal plates separated by an air gap,21 a drum rotating
at high speed,22 a wheel-like bobbin,23 etc. Another fascinating
feature of the process is that it can be applied to a wide variety of
polymer solutions containing 1D nanostructured constituent
units, such as nanowires,24 nanotubes,25 nanorods,26 etc.
Since electrospinning is based on stretching of solution jet
from a charged apex through the grounded electrode, it allows
the assembly of themolecular aggregates and directs the resulting
orientation of the assembly to the jet axis. This process is
recognized as a practical and efficient way for the fabrication of
1D molecular structure. The combination of supramolecular
chemistry (molecular aggregates) and electrospinning may
provide solutions for design and development of nanoscale
structures. For instance, Kuo et al.27 studied electrospinning of
[2,7-(9,9-dihexylfluorene)]-block-poly(methyl methacrylate)
(PF-b-PMMA) which are rod−coil block copolymers. The
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authors reported that different aggregated structures of PF block
(dotlike, linelike, and ellipselike) within nanofibers can be
obtained by varying only the ratio of dimethyl formamide
(DMF)/tetrahydrofuran (THF) solvents of precursor electro-
spinning solutions. The resulting electrospun fibers with several
morphologies lead to particular photophysical properties
through the use of selective solvent. Kalra et al.28 showed
microphase separation as cylindrical and lamellar morphology in
electrospun poly(styrene-block-isoprene) (PS-b-PI) nanofibers
by systematically controlling the block copolymer composition,
the length, and shape and distribution of these worm-like entities.
One dimensional arrangement of the gold particle array within
submicrometer poly(ethylene oxide) fibers was fabricated by
Kim et al.29 to use for future nanodevices.
Recent studies show synergistic efforts of both bottom-up and
top-down approaches to form fine hierarchical nanostructures. In
our previous report,20 we combined the formation of J-aggregate
and electrospinning processes using a pseudoisocyanine (1,1′-
diethyl-2,2′-cyanine bromide, PIC) and poly(vinyl alcohol)
(PVA) system in aqueous alcoholic solutions. PIC is one of the
frequently used cyanine dyes that form only a one-dimensional
fibrous-like J-aggregate. Although PIC molecules were individ-
ually dispersed in the precursor solution, directed assembly of J-
aggregates was induced by electrospinning process. Electro-
spinning not only provided the formation of J-aggregates but also
allowed the orientation of the J-aggregates along the fiber axis. In
the present study, using the same polymer/solution system, we
employed another cyanine dye, TTBC, which facilitates
formation of two different types of aggregates in terms of
molecular arrangement. In this work, we report the formation of
highly oriented H-aggregates of TTBC dye within the aligned
electrospun PVA fibers.
■ MATERIALS AND METHODS
Chemicals. Poly(vinyl alcohol) (Mw of 30−70 kg mol−1,
Sigma-Aldrich, 87−90% hydrolyzed), 1,1′,3,3′-tetraethyl-
5,5′,6,6′-tetrachlorobenzimidazolocarbocyanineiodide (TTBC)
(Hayashibara Biochemical Company), methanol (Sigma-Al-
drich, ≥99.8%), and sodium hydroxide (Sigma-Aldrich,
≥97.0%) were used as received without further purification.
Deionized water (18.2 MΩ cm) was used throughout the study.
Preparation of TTBC/PVA Films.The precursor solution of
TTBC/PVA system was prepared as follows: A 25 mM stock
solution of the cyanine dye was prepared by dissolving the TTBC
in methanol. TTBC solutions in the concentration range of
0.025−1.0 mM were prepared by an appropriate dilution of the
stock solutions. Aqueous solutions of 10 wt % PVA were
prepared by stirring and heating the solution to 100 °C until
complete dissolution. A homogeneous solution including a
desired amount of TTBC in 1 mL of methanol was added
dropwise into 1 g of PVA solution (7.5−15.0 wt %) under
stirring. The methanol fraction of the solution was evaporated,
and the resulting aqueous dye/polymer solution was subjected to
electrospinning at 35 °C in a horizontal direction in a glass
chamber. As a counter electrode, the two parallel-positioned
metal strips with a 1.0 mm void gap was used. The thickness of
the metal strip is 105 μm. The strips get sharper nearer the edges,
and the thickness of the sharp edges is 90 μm. The tip-to-
collector distance was 6 cm, and the flow of the solutions was
held constant at 0.5 mL h−1 using a syringe pump (LION WZ-
50C6). The applied voltage was varied from 6.7 to 12.7 kV.
Thin films were prepared by spin-coating and film-casting for
comparison. The spin-coated films were prepared by using a WS
400B 6NPP/LITE spin coater. One milliliter of TTBC (0.5
mM)/PVA (10 wt %) solution was placed on the glass substrate,
which was then rotated at 1000, 2500, 5000, and 8000 rpm for 1
min. The cast films were prepared by dropping 0.5 mL of TTBC
(0.5 mM)/PVA (10 wt %) solution on to the glass substrate. The
films were left for evaporation of solvent in a dark environment.
Fabrication of Polymer-Free TTBC Fibers. The solution
of J-aggregates was prepared by stirring 1 mL of 1.0 mM TTBC
in methanol with 3 mL of 0.01 M NaOH aqueous solution.
During the electrospinning, the flow of dispersion was held
constant at 0.5 mL h−1 using the syringe pump. The applied
voltage was 12.7 kV, and the tip-to-collector distance was set to 6
cm. The resulting fibers were dried at 50 °C in a vacuum to
ensure the removal of any residual solvent.
Characterization Methods. Absorption and photolumi-
nescence (PL) emission spectra were obtained by a Varian
Eclipse spectrofluorometer equipped with polarizers. For
morphological observations, polarized optical microscopy was
carried out with an Olympus BX51 microscope, and scanning
electron microscopy (SEM) was performed on a Phillips XL-30S
FEG. The fiber diameter distribution analysis from SEM
micrographs was examined with the Image J program. Fourier
transform infrared (FTIR) spectra were registered with a Perkin-
Elmer Spectrum 100 spectrometer. The polarization of the
incident IR radiation was achieved with a ZnSe polarizer.
■ RESULTS AND DISCUSSION
Structural and Spectral Characterization. The aim of this
work was to control the type of TTBC aggregation by varying
chemical (solution) and physical (instrumental) parameters of
electrospinning process. A set of TTBC/PVA solutions were
prepared and subjected to electrospinning under different
applied voltages. Figure 1 shows the chemical structure of
TTBC and absorption spectra of the dye in aqueous PVA
solutions. The spectra of various concentrations ranging from
0.025 to 0.500 mM exhibit the absorption band of TTBC
monomer in PVA at 520 nm and fluorescence band at 550 nm.
These findings are in agreement with the reported solvatochrom-
ism observed for TTBC monomer in various solvents.30 It is
confirmed that TTBC molecules were molecularly dispersed in
PVA solution, and the spinning solution was initially free of
aggregates.
Both random and aligned TTBC/PVA fibers were obtained in
single-step electrospinning using parallel positioned metal strips
with an air gap (panel a of Figure 2). An overview of fibers
collected on and between the metal strips was imaged by SEM.
Panels b and c of Figure 2 demonstrated the deposition of the
random and the aligned fibers, respectively. The composition of
TTBA and PVA varied in precursor electrospinning solution.
The diameter of the resulting fibers was examined. Panel d of
Figure 2 shows the average fiber diameter (AFD) at various
TTBC concentrations ranging from 0.025 to 0.5 mM. PVA
content in solution and the applied potential difference were held
constant at 10 wt % and 12.7 kV, respectively. Increasing the
TTBC concentration in precursor solution did not show a
remarkable increase in AFD (∼100 nm), at least in the applied
concentration range. Figure 2 also shows that the aligned fibers
are systematically thinner than the one of the random fibers.
When two parallel positioned metal strips were used as a
counter electrode, two fiber populations were obtained. The first
population is observed on the surface of the strips, where the
fibers were randomly deposited. The second population is
obtained across the air gap; the fibers are positioned
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perpendicular to the edge of the strips and parallel to each other.
Using a sharp strip as counter electrode enables alignment of the
fibers across the gap.
The electrical field applied in this process is inversely
proportional to the thickness of the edge of the strip so that
the intense local electrical fields are generated at close proximity
of the sharp edge.31 The trajectory of the jet takes place from one
edge to the other one.21 Therefore, the jet is exposed to further
stretching between the gap, and the fibers accumulated between
the strips were found to be thinner than the randomly deposited
ones on the strips. Note that the aligned fibers deposited across
the gap were not supported by the substrate. Panel e shows the
effect of PVA content on the diameter of the TTBC/PVA fibers.
TTBC concentration was kept constant at 1.0 mM, and PVA
content was varied from 15 to 20 wt %. The AFDwas observed to
be larger when PVA concentration was increased. This result is
not surprising because as the polymer concentration increases,
the viscosity of solution increases and extensive polymer chain
entanglements take place. Hence, the charged jet is prevented
from breaking up into smaller jets, and the fibers that are
produced at high polymer concentrations appear to be thick.32,33
SEM micrographs of the randomly deposited and the aligned
fibers with respect to the varying TTBC and PVA concentrations
are given in Figures S1−S2, Supporting Information (SI).
The alignment of fibers with aggregates was confirmed by
polarized optical microscopy. Figure 3 represents the polarized
microscope images of the aligned TTBC/PVA fibers at different
polarization angles. The images were captured at the same field of
a sample with different polarization angles, that is, by varying the
angle of the analyzer−polarizer. Changing the angle allowed us to
observe perfectly aligned or randomly deposited fiber layers
separately. The aligned fiber layer was observed when the
polarization angle of the analyzer was 20°.
Absorption spectra of the dye solution and of the fibrous
samples were obtained and are shown in Figure 4, supporting
that the H-aggregation absorption band was blue-shifted with
respect to the monomer. TTBC (0.025 mM)/PVA solution
exhibited monomer absorbance at 520 nm. For the electrospun
TTBC/PVA fibers, a new blue-shifted H-band appeared at ∼500
nm with tail broadening. The hypsochromic shift in the
absorption spectrum was ascribed to the formation of H-
aggregates within the fibers.
The emission spectra of the dye molecules within electrospun
fibers were examined by photoluminescence (PL) spectroscopy.
The spectra were normalized with respect to the monomers to
follow the extent of aggregation. Panels a and b of Figure 5 show
the normalized emission spectra of randomly deposited and
aligned PVA/TTBC fibers electrospun at different TTBC
concentrations. There are two emission bands observed at 485
and 535 nm, corresponding to the H-band and monomer band,
respectively.10 These assignments are, moreover, supported by
the absorption spectra of the H-aggregates in the electrospun
fibers. It was demonstrated that H-aggregates and a small amount
of monomers exists in both the random and the aligned fibers.
No J-aggregate formation was observed. Moreover, the emission
of H-band generally could not be observed in solutions or
interfaces, but in this particular case, the H-aggregate, which was
formed in a concentrated polymeric media and confined to one-
dimensional growth of PVA fibers, emits in blue region.
Furthermore, the increase in TTBC concentration resulted in a
small decrease of H-band intensity with respect to the monomer.
At higher TTBC concentrations, the applied electrical force
during the process is not enough to form more H-aggregates. In
addition, comparison of emission spectra of the random and the
aligned fibers indicates that the aligned fibers have higher H-band
intensity than the one in random fibers with respect to the
monomer intensity. This result can be correlated with the higher
electrical field that the aligned fibers are exposed during the
process. The formation of the H-type aggregates rather than the
J-type is a result of parallel orientation of TTBC molecules
favoring the H-aggregates alone. Since a very high electrical field
is applied, it forces TTBCmolecules to be arranged parallel to the
field and forming the H-aggregates in the electrospinning
processes.
The PL spectrum of the electrospun TTBC/PVA shows a
monomer emission band at 535 nm. Previously, it was shown
that the PL band positioned around 550 nmwas attributed to the
monomeric TTBC molecules. The monomer band in the
TTBC/PVA solution was blue-shifted compared with the
monomer band in the electrospun fibers, probably as a result
of the solvatochromic effects based on environmental change
from solution to the solid phase. Halpert and co-workers34
reported a blue shift of the J-band of TTBCmolecules associated
with CdSe/ZnS quantum dots (QD) with respect to that of
aggregated TTBC in the absence of QDs. This difference was
likely to be attributed to the size of the aggregates formed on the
QDs and solvatochromic effects.
Figure 6 shows photoluminescence (PL) emission spectra of
electrospun TTBC/PVA fibers prepared at different PVA
contents. The aim of varying the PVA content was to investigate
the effect of the fiber diameter on the H-aggregate formation.
The PL spectra of the different diameter fibers remain almost
unchanged. As a result, the fiber diameter was found to have no
effect on the aggregation process, at least in the range of
concentration we employed. In addition, an increased amount of
Figure 1. (a) Cationic structure of TTBC. (b) Absorption and
photoluminescence spectra of individual TTBC molecules in aqueous
PVA solutions at different concentrations.
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PVA yielded an increase in the signal level of monomeric
emission, confirming the consistency of the spectral assignments.
The PL emission spectra of the resultant fibers under various
potential differences applied are shown in Figure 7. There are
bands corresponding to the H-aggregates and monomers within
fibers, respectively. However, an emission due to J-aggregate
formation was not observed. The increment in potential
difference enhances the emission intensity of the H-aggregates.
The reason for this enhancement is that the applied potential
difference in electrospinning process exerts an electrical force on
the surface of the droplet, in addition to an electrical field
between the tip of the needle and the collector. As the applied
potential difference increases, the strength of electrical force
acting on TTBC molecules increases. These physical processes
direct TTBC monomers to assemble and align themselves
Figure 2. (a) Schematic representation of experimental set up. SEMmicrographs of (b) randomly deposited electrospun fibers collected on the surface
of metal strips, (c) aligned fibers uniaxially across the void gap. Microscopy reveals the formation of the random and the aligned populations of fibers.
Average fiber diameter (AFD) at different (d) TTBC concentrations and (e) PVA fractions for (●) random (○) aligned fibers. The concentration of
TTBC has a minor effect on AFD; however, the main parameter for the fiber diameter seems to be the concentration of PVA.
Figure 3. Polarizedmicroscope images of TTBC (0.5mM)-doped PVA fibers (10 wt %) performed at different polarization angles of (a) 0° and (b) 20°.
The aligned fiber layer is obtained when the angle is rotated 20°. Note that PVA fibers without TTBC do not show alignedmorphology under a polarized
microscope at this angle.
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parallel to the direction of electrical field during the electro-
spinning.
Polarized FTIR spectroscopy was used to analyze the effect of
applied potential difference and TTBC concentration on the
orientation of PVA chains. Therefore, the polarized FTIR spectra
of the fibers electrospun at different potentials and TTBC
concentrations were recorded and analyzed. The degree of
orientation of the PVA chains was quantified by the dichroic ratio
(R = A||/A⊥) that was calculated using the absorbance values of
the vibration bands of CO and CH2 stretching of PVA. Figure 8
shows the polarized FTIR spectra of the aligned TTBC/PVA
fibers and the calculated dichroic ratios with respect to the
applied potential. For each spectrum, the dichroic ratio of PVA
chains was determined with respect to the signals at 1097 (CO)
and 2942 cm−1 (CH2). For the aligned fibers, the dichroic ratio
was found to be ∼3, proving the chain alignment parallel to the
fiber axis. The resultant values showing the effect of TTBC
concentration and potential difference on the alignment of fibers
are illustrated in panel b of Figure 8. Increasing TTBC
concentration results in higher chain orientation of PVA fibers.
This finding may point out the ionic character of TTBC/PVA
solution. Higher ion concentration induces strong electric fields
at a constant applied potential difference. The more electric field
acts on polymer chains; a higher orientation of the chains is
induced in the growth direction of the aligned fibers.
The orientation of the H-aggregates within the fibers of
TTBC/PVA system was studied by polarized PL spectroscopy
Figure 4. Absorption spectra of the TTBC (0.025 mM) in PVA solution
and the TTBC/PVA fibers.
Figure 5. PL spectra of TTBC/PVA (a) the randomly deposited and (b)
the aligned fibers prepared at different TTBC concentrations. An
increase in TTBC concentration results in a decrease in the H-band
intensity with respect to the monomer.
Figure 6. PL spectra of electrospun TTBC/PVA fibers prepared at
various PVA contents (7.5, 10.0, 12.5, 15.0 wt %). It seems that the
diameter of fiber has no effect on TTBC aggregate formation.
Figure 7. PL spectra of (a) randomly deposited and (b) aligned fibers
electrospun fromTTBC (0.5mM)/PVA (10 wt %) at different potential
differences. The increase in potential difference enhances the emission
intensity of H-aggregates.
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Figure 8. (a) Polarized FTIR spectra for aligned TTBC/PVA fibers obtained at different potential differences. (b) Dichroic ratio versus potential
difference plot, as derived from polarized FTIR spectra. This result shows the orientation of PVA chains to the fiber axis.
Figure 9. Polarized PL spectrum of (a) random and (b) aligned fibers of the TTBC (0.5 mM)/PVA (10 wt %) system performed at four different
polarizer combinations that are vertical−vertical (v−v),vertical−horizontal (v−h), horizontal−horizontal (h−h), and horizontal−vertical (h−v) with
respect to the fiber axis. (c) Schematic representation of the orientation of H-aggregates under electrical field. The formation and orientation of H-type
TTBC aggregates with respect to fiber axis are shown.
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(Figure 9). A strong polarized emission was observed when light
was polarized parallel to the aligned fiber axis. The intensity
decreased remarkably for the other three polarizations (panels a
and b of Figure 9). This polarization dependence indicates that
the H-aggregates aligned along the fiber axis. Surprisingly, the
randomly deposited fibers also showed polarization dependence.
For reasons of comparison of fibrous electrospun films, two
alternative thin film formation processes were employed: (i)
spin-coating and (ii) film casting. The intention was to
investigate the effect of electrical force applied during the
process on the formation of the molecular aggregates. Figure 10
shows PL spectra of TTBC/PVA films prepared by spin-coating
at different rotation speeds ranging from 1000 to 8000 rpm and
by film-casting. The insets show photographs of the spin-coated
and the cast films. The spin-coated films are continuous, and
their thicknesses are around 2 μm. They contain both the H- and
the J-aggregates as well as monomers. J-aggregates of TTBCwere
observed along with monomeric TTBC. On the other hand, the
cast film has a heterogeneous appearance and is about 100 μm
thick. Furthermore, applying a higher centrifugal force during the
spin-coating process induces the formation of both the H- and
the J- aggregates with respect to the monomers.
Polymer-Free Fibers from Monomeric TTBC. In this
study, we showed that TTBC monomers in PVA solutions were
inevitably assembled into H-aggregates upon electrospinning.
The question arose as to whether J-aggregates already formed in
solutions induce fibrillar structures when they are subjected to
electrospinning in the absence of PVA, that is, without a carrier
polymer matrix. Since the most important criteria for the fiber-
formation by electrospinning are the entanglement of long
polymer chains and the viscosity of solution, high-molecular-
weight polymers with higher polymer concentrations result in
fiber formation. On the other hand, the dye aggregates can form
noncovalently bonded, long, supramolecular structures. This
feature may cause the formation of fibers or fiberlike
morphologies in the absence of polymer. In this sense, J-
aggregates of TTBC, prepared in aqueous NaOH solution, were
subjected to the electrospinning process.
Figure 11 shows PL spectra of the J-aggregates in solution
(black curve) and the H-aggregates in the electrospun fibers (red
curve). The spectra show two major bands at 599 and 488 nm.
The former one was attributed to the red-shifted J-band, and the
latter one was assigned to the blue-shifted H-band upon
electrospinning. This finding strongly suggests that the electro-
spinning process triggers the formation of H-type of aggregates
not only from monomers but also from the initially formed J-
aggregates. Moreover, electrospinning is able to orient dye
species, includingmonomer and aggregates at the molecular level
through the direction of the field. The magnitude of the electric
field implemented by the electrospinning should overcome the
intermolecular dipolar forces induced by the J-aggregates. The
strength of this interaction was found about 2100 cm−1.4 The
inset SEM image reveals the formation of fiber-like TTBC
structures in the absence of PVA. The presence of considerable
aggregates and corresponding intermolecular interactions can
effectively stabilize the electrospinning jet and therefore resulted
in fibrous structure.
■ CONCLUSIONS
This study merges a frequently used top-down approach
(electrospinning) and a bottom-up approach (formation of
molecular aggregates). The effect of electrospinning on the
molecular aggregation of the TTBC dye was investigated. The
solution and instrumental parameters of the electrospinning
were studied on a model TTBC/PVA system. Two electrospun
fibermats in terms of alignment of constituent fibers (aligned and
randomly deposited) were obtained using a parallel positioned
counter electrode. Independent of the alignment of the fibers,
only H-type TTBC aggregates formed within electrospun PVA
fibers, although initially, monomeric dispersion was present in
the precursor solution. Polarized emission spectroscopy reveals
Figure 10. PL spectrum of (a) spin-coated films prepared at different
rotation speeds, (b) cast film of TTBC (0.5 mM)/PVA (10 wt %). In
contrast to fibrous fibers obtained by electrospinning, the spin-coated
films contain both H- and the J-aggregates, whereas the cast film initiates
the formation of J-aggregates of TTBC.
Figure 11. PL spectrum of (a) J-aggregated TTBC solution, (b) TTBC
fibers electrospun from the TTBC solution. Electrospinning inevitably
changes the orientation of J-aggregated TTBC molecules to the H-
aggregates.
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that the aggregates within a single filament of electrospunmat are
highly oriented. Consequently, a well-ordered structure was
obtained using the electrospinning process at different length
scales. The first one is the alignment of fibers over square
millimeters, the second one is the orientation of PVA chains
along the fiber axis, and the third one is the orientation of the dye-
aggregates of TTBC molecules within the fibers.
The comparison of the electrospinning with other thin film
preparation techniques demonstrated that electrospinning was
found to be a more efficient technique to provide the formation
of oriented H-aggregates of TTBC dye. Moreover, polymer-free
ultrafine TTBC fibers were successfully produced by electro-
spinning. Our findings revealed that the electrical field applied
during the process assembles monomers into H-aggregates and
also changes the orientation of TTBC molecules in the J-
aggregates, forming an H-aggregate in which TTBC molecules
are aligned parallel to each other. In the framework of
nanofabrication, directed assembly of dye aggregates within
electrospun fibers provides a powerful way to produce functional
constructs designed for optical devices.
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